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Summary. Scientific and technological  advancements in the area of fibrous and textile
materials have greatly enhanced their application potential in several high-end technical and
industrial  sectors  including  construction,  transportation,  medical,  sports,  aerospace
engineering,  electronics  and  so  on.  Excellent  performance  accompanied  by  light-weight,
mechanical flexibility, tailor-ability, design flexibility, easy fabrication and relatively lower
cost  are  the  driving  forces  towards  wide  applications  of  these  materials.  Cost-effective
fabrication of various advanced and functional materials for structural parts, medical devices,
sensors, energy harvesting devices, capacitors, batteries, and many others has been possible
using fibrous and textile materials. 
Structural membranes are one of the innovative applications of textile structures and these
novel building skins are becoming very popular due to flexible design aesthetics, durability,
lightweight  and  cost  benefits.  Current  demand  on high performance  and  multi-functional
materials  in structural  applications has motivated to go beyond the basic textile  structures
used for structural membranes and to use innovative textile materials. Structural membranes
with self-cleaning, thermoregulation and energy harvesting capability (using solar cells) are
examples of such recently developed multi-functional membranes. Besides these, there exist
enormous  opportunities  to  develop  wide  varieties  of  multi-functional  membranes  using
functional  textile  materials.  Additionally,  it  is  also  possible  to  further  enhance  the
performance and functionalities of structural membranes using advanced fibrous architectures
such as 2D, 3D, hybrid,  multi-layer and so on. In this context, the present paper gives an
overview  of  various  advanced  and  functional  fibrous  and  textile  materials  which  have
enormous application potential in structural membranes. 
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1 INTRODUCTION
Architectural  membranes  are  becoming  an  important  building  material  due  to  several
advantages such as flexible design aesthetics, outstanding translucency, durability, lightweight
and cost benefits. The global membrane market is estimated to grow at a compound annual
growth rate of 9.43% from 2014 to 2019, reaching a value of $29.3 billion1. Over the last few
years,  the construction industry is looking for innovative materials  which, besides serving
their basic purpose, should also provide other smart functionalities such as thermo-regulation,
self-sensing and self-healing, colour and shape changes, etc., in order to enhance the quality
and safety of human life. For architectural membranes, until now, only basic textile structures
are  being  used,  except  some  efforts  to  develop  membranes  with  self-cleaning  and
thermoregulation features2, 3. Dubai cricket stadium with self-cleaning property (using TiO2)
and  energy  harvesting  membranes  developed  using  solar  cells  by  PowerFilm,  Inc.  and
Konarka Technologies, Inc. are examples of such recent developments.
2 SELF-SENSING FIBROUS AND TEXTILE STRUCTURES
Self-sensing  is  an  important  characteristics  of  current  materials  used  in  structural
applications. Online monitoring of stress/strain helps to take timely actions in order to ensure
proper functioning or prevent chance of consequent damage, whereas sensing of damages at
earlier stages helps to take preventive measures avoiding additional costs due to substantial
maintenance  or  replacement  of  the  materials.  Use  of  self-sensing  materials  can  greatly
enhance the durability of structures, improving safety and reducing maintenance costs and use
of  non-renewable  materials.  This  leads  to  significant  reduction  in  the  carbon footprint  of
structures.   Recently, a variety of sensors such as fibre optic,  piezoelectric,  piezoresistive
sensors etc. have been developed for strain and damage sensing in structures4. 
Figure 1: Strain sensing behaviour of recently developed braided textile composites
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Among them, self-sensing composites have been considered to be highly advantageous due
to  their  low  cost  as  well  as  easy  design  and  application  possibilities.  These  composite
materials  contain  an  electrically  conducting  component  (such  as  carbon  fibre,  powder,
nanofibres  or  nanotubes,  etc.)  and  exhibit  change  in  their  electrical  resistance  due  to
mechanical strain or damage. The sensing response from a recently developed self-sensing
braided composite is presented in Figure 1. 
Although a variety of techniques are available for the self-sensing purpose, there exists a
strong need for a lightweight, strong and flexible sensing material which is well suited for
applications  in  flexible  materials  such  as  architectural  membranes.  Recently,  some
piezoresistive  coatings  have  been  developed  for  fibrous  materials  to  sense  change  in
strain/stress  state  and damage through change in  electrical  resistivity5.  These coatings  are
based on conducting polymers and advantageous as they can be applied using low cost and
commercially available coating or printing technologies6. Moreover, when applied to a textile
material, conducting polymers can impregnate the individual yarns and spaces within a fabric
structure allowing the detection of local  stress/strain or damages.  Also,  the coated textiles
possess excellent flexibility just like the base materials6. Conducting polymers also possess
other important characteristics such as generation of electrical voltage when heat is applied
(thermoelectricity) or the opposite, i.e. generation of heat when voltage is applied7. Therefore,
the generated heat can be used for various aesthetic purposes in architectural membranes, for
example, color change using thermochromic pigments.  
3 FIBROUS AND TEXTILE STRUCTURES FOR ENERGY HARVESTING
Fibrous and textile materials are being considered for several advanced applications as they
possess some inherent beneficial characteristics such as lightweight, mechanical strength and
flexibility,  numerous  design  possibilities,  easy  processing  and  integration  with  flexible
materials,  etc.  Producing energy using  flexible  textile  materials  is  one  of  the  remarkable
innovations  of the recent  time.  One example of this  is  the harvesting of energy from the
wearable textiles due to body movements8. Production of energy through this technology can
significantly reduce the usage of non-renewable energy sources and carbon footprint. Some
research studies have demonstrated the feasibility of using polyvinylidene difluoride (PVDF)
as  the  piezoelectric  polymeric  material  for  this  purpose9.  The  use  of  PVDF  films  for
continuous power generation in the order of 100 µW using wind energy at moderate wind
speeds has also been demonstrated. Under certain conditions, PVDF films can produce more
voltage  and power  from wind and rain  as  compared  to  ceramic  based PZT10.  Fibres  and
textiles  made  from PVDF  are  superior  to  PVDF  films  in  terms  of  mechanical  stability,
flexibility  and large  scale  production  possibilities10.  2D and  3D textile  fabrics  (Figure  2)
produced  from  PVDF  fibres  have  been  already  designed  and  demonstrated  for  energy
harvesting  applications11.  The  developed  3D  spacer  piezoelectric  fabrics  exhibit  a  power
density in the range of 1.10 mW cm-2 to 5.10 mW cm-2 at applied impact pressures of 0.02
MPa to 0.10 MPa, which is comparable to existing piezoelectric materials11.
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Figure 2: Design of 2D piezoelectric fabrics from PVDF fibres (a) and 3D piezoelectric textiles (b)
4 FIBROUS AND TEXTILE STRUCTURES FOR ENERGY STORAGE
Textile based flexible energy storage devices are also becoming very attractive for e-textile
or other applications. These devices can be easily paired with fibre or textile based energy
harvesting  devices.  Textile  energy storage  devices  such as  batteries,  electric  double  layer
capacitors (EDLCs) with good gravimetric performance have been already developed12. Well-
established  textile  technologies  such  as  knitting  and  screen-printing  have  been  used  to
produce solid state ELDCs with capacitance as high as 0.51 F cm-2  per device at 10 mV s-1,
which  is  comparable  to  standard  activated  carbon  film  electrodes13.  Lithium  ion  textile
batteries with large areal mass loading and good performance have also been developed14.
Proper functioning of these wearable textile batteries (Figure 3a) has been demonstrated by a
research group from Korea Advanced Institute of Science and Technology (KAIST) and the
possibility  of  powering  these  textile  batteries  through  flexible  solar  cells  has  also  been
explored15. Textile batteries made from bio-based materials with good performance (cotton or
silk fabric coated with eco-friendly conducting materials like Ion Jelly) have been developed,
as shown in Figure 3b. For use in these flexible textile batteries, novel textile based solid
electrolytes  have also  been developed16-19.  Prepared  from natural  fibre  based  textiles  (i.e.
cotton, silk, etc.) using bio-based materials such as gelatin and water and a green solvent such
as  ionic  liquid,  these  solid  electrolytes  are  ecofriendly  materials  with  very  high  ionic
conductivity (similar to ionic liquid) and excellent electrochemical performance as well as
possess excellent mechanical strength and flexibility. In addition, the process used to develop
the electrolyte and battery is a low cost textile coating process, which is highly suitable for
commercial production and applications. For the production of the electrolytes, gelation and
ionic liquid are reacted in the presence of water to form a novel ion conducting material (Ion-
Jelly), which is then coated on the textile fabrics. The textile batteries are then developed by
depositing  electrode layers  (ion jelly  containing  electrode materials)  on both  sides  of  the
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Figure 3: (a) Wearable textile battery (b) demonstration of thin film ion jelly battery 
Figure 4: (a) Silk based textile electrolyte (b) comparison of Ionic conductivity of Silk electrolyte with neat
silk, neat Ion Jelly, commercial membrane (Celgard3402) and pure ionic liquid ([bmim][dca]
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5 ADVANCED TEXTILE ARCHITECTURES 
Until now, structural membranes use only basic textile fabrics made of various fibres such
as  glass, aramids, acrylic, nylon, polyester, etc. coated with PVC, urethane, PTFE, silicone,
etc. Innovation in textile technology has led to the development of a wide variety of advanced
fibrous architectures such as directionally oriented structures (DOS), multi-axis, multi-layer,
hybrid, etc. which can greatly reduce the weight and improve the performance of materials20.
These advanced structures have been extensively used in advanced composite materials for
various high end applications such as aerospace, construction, transport, medical, sports, and
so on. Therefore, the  use of these innovative fibrous architectures can greatly enhance the
mechanical performance and functionalities of structural membranes. Figure 5 shows some
examples of advanced fibrous architectures used for technical applications.
Fig. 5: Various advanced fibrous architectures: (a) DOS, (b) multi-layer, (c) 3D woven spacer, (c) 3D warp
knitted spacer, (d) 3D weft knitted and (f) 2D braided structure
6 MULTI-FUNCTIONAL TEXTILES AND COMPOSITES
Recently, multi-functionality has been considered as an essential requirement of materials for
application in advanced technical areas. Materials with high strength and stiffness, excellent
electrical and thermal conductivity, self-sensing and self-healing capability, energy harvesting
ability, etc. are highly suitable for applications requiring all/most of these properties. One of
the easiest  approaches to develop multi-functional materials  is through nanotechnology by
using  various  multi-functional  nanomaterials.  Nanomaterials  can  be  easily  incorporated
within engineering materials to introduce multi-functionality, leading to a new generation of
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materials called “multi-scale composites”21-27. The incorporation of nanomaterials can be in
the  form of  composite  materials  or  coatings.  The concept  of  multi-functional  composites
developed  using  nanotechnology  is  presented  in  Figure  6.   However,  designing  of  such
materials and proper tuning of all these properties may be a challenging task. Recently, high
performance and multi-functional composite materials using carbon and other nanomaterials
have  been  developed  to  address  the  demand  of  many  high  end  applications.  Similar
technology can also be utilized to develop flexible multi-functional materials for application
in structural membranes. Alternatively, multi-functional coatings can also be applied to textile
and fibrous structures to develop multi-functional architectural membranes.
Figure 6: Concept of multi-scale composites 
7 APPLICATION OF ADVANCED MULTI-FUNCTIONAL TEXTILE MEMBRANES
Advanced  and  multi-functional  textile  structures  have  been  widely  utilized  for  various
applications in different industrial sectors including aerospace, transportation, medical, sports;
civil  engineering,  etc.28-31.  These advanced textile  structures also can be used for different
purposes in architectural membranes. The textile energy harvesters can be used to produce
energy from vibrations due to wind, rain, snow or other sources. The produced energy can be
stored in to textile based batteries and can be utilized for various purposes. So, these energy
production-storage systems can reduce the energy requirements  from other non-renewable
sources.  The  textile  piezoresistive  sensors  can  be  used  to  detect  the  tension  level  in  the
membrane  and  accordingly  adjustments  can  be  made  ensuring  proper  functioning  of  the
membranes.  Moreover,  in  case  of  any damage,  the  sensors  will  show a  sharp  change  in
electrical resistance, thereby initiating damage detection and their timely maintenance. This
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will avoid excessive damage and major maintenance activities or their complete replacements.
Consequently, the maintenance and material cost as well as environmental problems (due to
production  of  these  synthetic  materials)  can  be  significantly  reduced.  Multi-functional
coatings with heat generation capability (for example, using conducting polymers) can help in
thermo-regulation  as  well  as  can  create  different  aesthetic  colour  effects  if  used  with
thermochromic  pigments.  The  utilization  of  phase  change  materials  (PCM)  will  further
enhance the thermoregulation of spaces around the membranes, and self-cleaning materials
will  reduce  the  need  for  frequent  washing  and  cleaning  of  membranes.  Many  other
functionalities  can  be  achieved  based  on  the  used  functional  materials.  Further  use  of
advanced  textile  architectures  can  greatly  enhance  the  mechanical  performance  of  the
structural  membranes.  However,  it  is  highly  essential  to  conduct  in-depth  research  and
developments to optimize these various properties, in order to come up with multifunctional
materials with properties matching with the requirements of targeting applications. 
8 CONCLUSIONS
In conclusion, recent advancements in materials science and nanotechnology made possible to
develop  highly advanced fibrous  and textile  materials,  which,  besides  being light-weight,
flexible, strong and durable, can provide a combination of various features like self-sensing
and  healing,  thermal  and electrical  conductivity,  thermal  regulation,  self-cleaning,  energy
generation,  and so on. These features not only enhance the performance and safety of the
materials, but also make them more attractive to the users. Only a few of these features are
currently available  in  the  materials  used  for  existing structural  membranes.  However, the
concept  and  technology  employed  in  developing  multi-functional  materials  for  other
industrial  domains  can  also  be  utilized  for  structural  membrane  sector  to  develop  such
advanced materials. Therefore, strong emphasis should be given on research and development
in this sector to come up with advanced multi-functional materials which will improve the





[4] Rana, S. et al. Development of Hybrid Braided Composite Rods for Reinforcement and
Health Monitoring of Structures. The Scientific World Journal (2014) 2014:1-9.
[5] Sawhney, A. et  al.  Piezoresistive sensors on textiles by inkjet printing and electroless
plating. MRS Proceedings (2006) 920: 0920-S05-04. 
[6] Cannard,  F.  et  al.  Device  for  Measuring  Pressure  from  a  Flexible,  Pliable,  and/or
Extensible  Object  Made from a  Textile  Material  Comprising  a Measurement  Device.
US20140150573 A1 (2012).
[7] Avloni, J. et al. Thermal electric effects and heat generation in polypyrrole coated PET
fabrics. arXiv preprint (2007) arXiv:0706.3697.
[8] Hadimani, R. L. et al.  Continuous production of piezoelectric PVDF fibre for e-textile
applications. Smart Materials and Structures (2013) 22: 075017.
8
304
First A. Author, Second B. Author and Third C. Coauthor.
[9] Feenstra,  J.  et  al.  Energy  harvesting  through  a  backpack  employing  a  mechanically
amplified piezoelectric stack. Mechanical Systems and Signal Processing (2008) 22: 721-
734.
[10] Vatansever, D. et al. An investigation of energy harvesting from renewable sources with
PVDF and PZT. Smart Materials and Structures (2011) 20: 055019.
[11] Soin, N. et al. Novel “3-D spacer” all fibre piezoelectric textiles for energy harvesting
applications. Energy & Environmental Science (2014) 7: 1670-1679.
[12] Gaikwad,  A.  M.  et  al.  Highly  stretchable  alkaline  batteries  based  on  an  embedded
conductive fabric. Advanced Materials (2012) 24: 5071-5076.
[13] Jost, K. et al. Knitted and screen printed carbon-fiber supercapacitors for applications in
wearable electronics. Energy & Environmental Science (2013) 6: 2698-2705.
[14] Hu, L. et al. Lithium‐Ion Textile Batteries with Large Areal Mass Loading.  Advanced
Energy Materials (2011) 1: 1012-1017.
[15] Lee, Y. H. et al. Wearable textile battery rechargeable by solar energy. Nano letters (2013)
13: 5753-5761.
[16] Vidinha, P. et al. Ion jelly: a tailor-made conducting material for smart electrochemical
devices. Chemical Communications (2008) 44: 5842-5844.
[17] Rana,  S.  et  al.  Silk‐Ion  Jelly:  a  novel  ion  conducting  polymeric  material  with  high
conductivity  and  excellent  mechanical  stability.  Polymers  for  Advanced  Technologies
(2013) 24: 191-196.
[18] Rana, S. et al.  Development and Characterization of Novel Natural Fibre Based Solid
Polymer Electrolytes. ICNF2013, 9-10th June, Guimaraes, Portugal. 
[19] Rana, S. et al. Silk-Ion Jelly: A Highly Ion Conducting Fibrous Material. The 41st Textile
Research  Symposium,  12-14  September  2012,  University  of  Minho  -  Guimarães  -
Portugal.
[20] Rana,  S.  and Fangueiro,  R. Advanced composite  materials  for aerospace engineering:
Processing, properties and applications, Woodhead Publishing Ltd., 2015.
[21] Rana,  S.  et  al.  Processing  and Performance  of  Carbon/epoxy Multi-scale  Composites
Containing Carbon Nanofibres and Single Walled Carbon Nanotubes. Journal of Polymer
Research (2013) 20: 314.
[22] Bhattacharyya,  A.  et  al.  Mechanical  and  Thermal  Transmission  Properties  of  Carbon
Nanofibre  Dispersed  Carbon/Phenolic  Multi-scale  Composites.  Journal  of  Applied
Polymer Science (2013) 129: 2383–2392.
[23] Rana, S. et al.  Effect of carbon nanofiber functionalization on the in-plane mechanical
properties of carbon/epoxy multiscale composites.  Journal of Applied Polymer Science
(2012) 125: 1951–1958.
[24] Rana, S. et al. Development of carbon nanofibre incorporated three phase carbon/epoxy
composites  with  enhanced  mechanical,  electrical  and  thermal  properties.  Composites
Part A: Applied Science and Manufacturing (2011) 42: 439-445. 
[25] Rana,  S.  et  al.  Single-walled  Carbon  Nanotube  Incorporated  Novel  Three  Phase
Carbon/Epoxy  Composite  with  Enhanced  Properties.  Journal  of  Nanoscience  and
Nanotechnology (2011) 11: 7033-7036.
[26] Rana  S.  et  al.  A Review  on  Carbon  Epoxy  Nanocomposites.  Journal  of  Reinforced
Plastics and Composites (2009) 28: 461-487.
9
305
First A. Author, Second B. Author and Third C. Coauthor.
[27] Rana, S., Alagirusamy, R. and Joshi, M. Carbon Nanomaterial Based Three Phase Multi-
functional  Composites,  LAP  LAMBERT  Academic  Publishing  GmbH  &  Co.  KG,
Germany, 2012.
[28] Fangueiro,  R.  and  Rana,  S.  A Brief  Review  on  the  Latest  Applications  of  Fibrous
Materials in Advanced and Emerging Areas.  Journal of Textile Engineering (2013)  59:
119-123.
[29] Fangueiro, R., Rana, S.  and Correia, A.G. Braided Composite Rods: Innovative Fibrous
Materials for Geotechnical Applications.  Geomechanics and Engineering (2013)  5:  87-
97. 
[30] Cruz, J., Rana, S., Fangueiro, R. and Guedes, R.  Designing Artificial Anterior Cruciate
Ligaments Based on novel Fibrous Structures. Fibres and Polymers (2014) 15: 181-186.
[31] Pichandi, S.,  Rana, S., Fangueiro, R. and Oliveira, D. Fibrous and Composite Materials
for  Blast  Protection  of  Structural  Elements  –  a  State-of-the-art  review.   Journal  of
Reinforced Plastics and Composites (2013) 32: 1477-1500.
10
